This review introduces the concept of direct H 2 O 2 fuel cells and discusses the merits of these systems in comparison with other 'clean-energy' fuels. Through electrochemical methods, H 2 O 2 fuel can be generated from environmentally benign energy sources such as wind and solar. It also produces only water and oxygen when it is utilised in a direct H 2 O 2 fuel cell, making it a fully reversible system. The electrochemical methods for H 2 O 2 production are discussed here as well as the recent research aimed at increasing the efficiency and power of direct H 2 O 2 fuel cells.
Introduction
Phasing out fossil fuels as an energy storage system is an inevitability as sources of oil become harder to access both physically and politically. [1] The influence of carbon dioxide and other greenhouse gases on weather patterns and the environment has also become a serious cause for concern.
[2] The amount of renewable energy generated by wind, solar, hydro, and geothermal sources is on the rise and will likely begin to eclipse fossil fuels in the future. Unfortunately, many of these renewable energy sources are either intermittent or limited to certain geographic regions, and as such cannot fully replicate the ubiquity afforded by petrol, coal or natural gas. To sustain the same modes of energy transportation and utilisation that our society is comfortable with today, the energy produced by renewable sources must be stored in efficient and inexpensive media. Electrochemically generated chemical fuels are ideal for this purpose as they can be produced on demand with renewable energies and stored and transported when those energy sources are unavailable.
Rather than being burned in conventional combustion engines, chemical fuels can also be used in fuel cells to convert their stored chemical potential energy directly into electrical energy. In general, a fuel cell is composed of two compartments, one containing an anode on which the fuel is electrochemically oxidised and the other containing a cathode on which an oxidant (usually O 2 ) is reduced. Separating these two segments is a membrane that allows charge to pass through the fuel cell but keeps the fuel and the oxidant from coming in direct contact with each other, or the opposite electrodes. The power that is generated by the fuel cell is a result of the difference in the electrochemical potential of the oxidation of the fuel and the reduction of the oxidant.
The fuel most famously associated with clean energy is undoubtedly H 2 , which has garnered media attention for its use in real-world applications [3] as well as its long pedigree of intense scientific research. [4] [5] [6] H 2 can be generated electrochemically by the water-splitting process in which an electrochemical cell is used to oxidise water while simultaneously reducing protons to H 2 . This gas can be collected and later utilised as a fuel.
Although it ticks many of the boxes that are desirable in a 'green' fuel (its products when it is burned are only water and energy), H 2 has several drawbacks that are not trivial to overcome. One of these is the storage of H 2 , which is largely a problem of both cost and efficiency. H 2 storage has long been a problem for its utilisation as a fuel, as its energy density by volume at atmospheric pressure is far below that which would be practicable in a vehicle or even a stationary fuel storage facility. In order for it to be viable, H 2 gas must either be compressed to ,70 MPa pressure, cryogenically stored as a liquid below 21 K or be physically or chemically captured in other materials. [7] In terms of compression, storage at higher pressures allows more fuel to be stored per unit volume, but also increases the amount of external equipment required to maintain that pressure safely. [8, 9] This raises the cost of any system incorporating pressurised H 2 gas and also increases its weight. There is also a certain amount of energy required to pressurise the H 2 in the first place, all of which lowers the efficiency of these types of storage systems. Other options are physiochemical storage (using materials such as a metal-organic frameworks) [10] [11] [12] [13] or chemical storage (such as in metal hydrides) [14, 15] to adsorb or chemically bind H 2 . These materials are certainly safer than pressurised or liquid storage of H 2, but usually necessitate energy losses such as heating to release H 2 from the storage material during operation [16] and may suffer from impurities that lower their performance over time. [17] One particularly interesting alternative fuel to H 2 that has garnered some attention in the past decade is H 2 O 2 . H 2 O 2 is well known as an oxidant and is used in several chemical and industrial processes that make use of this property. [18] [19] [20] [21] [22] [23] It has even been used as the oxidant in other types of fuel cells where it has been shown to perform even better than O 2 in some cases. [24] [25] [26] [27] However, H 2 O 2 is quite unique when applied to fuel cells because it can be both oxidised and reduced, with each process occurring at a different electrochemical potential (NHE ¼ normal hydrogen electrode):
This opens up the possibility of using H 2 O 2 as the fuel and the oxidant in the same fuel cell with a maximum theoretical potential of 1.09 V, which is reasonably close to other fuel cells such as those using methanol/air (1.21 V) and H 2 /air (1.23 V). The major advantage that an H 2 O 2 fuel cell has over H 2 is that H 2 O 2 can be present in an aqueous solution at room temperature, thus requiring no pressurisation or additional storage media.
Given this potential use as an energy storage medium, we review in the present paper recent progress in the production of H 2 O 2 and its use in fuel cells.
Energy Density of H 2 O 2
The energy density of an H 2 O 2 fuel cell can be estimated and will ultimately depend on the concentration of H 2 O 2 that can be safely used. At a conservative concentration of 7 wt-% in water, the theoretical energy density can be calculated from the Gibbs free energy of the state of the system before and after fuel cell operation. The total energy generated by the simultaneous reduction and oxidation of 2 mol of H 2 (theoretical) when operating in a fuel cell. However, an estimated 20 % of that energy is used to compress the H 2(g) in the first place, [7] which lowers the maximum practical energy to ,5.4 MJ L
À1
. Although this statistic may favour the use of compressed H 2(g) , it is not only the volume of the fuel that needs to be considered in the practical application of these systems. As mentioned above, pressurisation inevitably requires additional and specialised equipment for compressing the gas [13] and to prevent leakage and relieve pressure in case of faults. [9] In total, the gravimetric capacity of compressed H 2(g) is ,13 wt-%, [17] meaning that most of the weight of the system is taken up by the storage vessel. Given that the storage of H 2 O 2 is relatively simple compared with H 2 , the scale of application of the technology can be large or small with little change to the storage mechanism.
Sustainable Methods for Hydrogen Peroxide Production
Hydrogen peroxide is known as a 'green' oxidant because it only produces water and oxygen when it decomposes. As such, there is a much interest in using it for advanced oxidation processes such as the decolourisation of waste dye [20, [29] [30] [31] and as the oxidant in chemical reactions. [19, 22, [32] [33] [34] [35] [36] [37] Large-scale H 2 O 2 production is almost exclusively performed via the anthraquinone auto-oxidation process in which O 2 is reduced by 2-alkylanthrahydroquinone. First, H 2 (g) is produced (usually via steam reformation) and used to hydrogenate the quinone over a Pd catalyst. The hydrogenated quinone must then be filtered, and then oxidised with air to form H 2 O 2 , which is subsequently extracted and distilled into an aqueous phase. This method is unsuitable in the context of renewable fuels primarily because of its reliance on hydrogen gas, which, when produced by steam reformation, is inherently non-renewable and ultimately energy inefficient. The direct electrochemical methods of production discussed below therefore provide a sustainable route for H 2 O 2 .
The Pd catalyst must also be roasted to clean it of organics and some toxic by-products must be treated or disposed of, which is energy-intensive and adds to the cost of the process. [38] The process is also only economically viable when it is performed on a large scale.
One of the benefits of electrochemical generation of H 2 O 2 is that the devices used to produce the fuel can be constructed on a smaller or larger scale depending on their specific use. Much interest has been shown in designing electrocatalytic H 2 O 2 batch reactors [39] for on-site industrial facilities that make use of advanced oxidation processes (AOPs), [33, 40, 41] pulp bleaching [18] or waste management [42] by H 2 O 2 . It may even be possible to downsize an electrochemical H 2 O 2 production unit to the size that would fit into a household garage so that a steady supply of fuel could be generated and stored in homes. There are two pathways available for electrochemical H 2 O 2 production: O 2 reduction and water oxidation. Both pathways may yield H 2 O 2 in conjunction with other products, such as water in the case of O 2 reduction and O 2 in the case of water oxidation, depending on the specificity of the production method. H 2 O 2 may also be produced by the direct reaction of H 2(g) and O 2(g) ; [43] however, a sustainable source of H 2(g) is necessary for this process. In the following sections, we explore these processes in more detail.
Electrochemical H 2 O 2 Generation
Oxygen Reduction Electrochemical O 2 reduction to H 2 O 2 is a two-electron process and takes place according to the following redox reaction (E 0 is the standard electrode potential):
A wide variety of electrochemical catalysts have been found to reduce O 2 to H 2 O 2 with a greater or lesser degree of specificity, including TiO 2 particles, [44] platinum, [45] [46] [47] manganese oxides, [48, 49] iron oxides, [50] metal alloys such as Pd/ Au [51] and Pt/Hg, [52] copper complexes, [53] cobalt oxides [54] [55] [56] [57] and boron-or nitrogen-doped carbon materials. [58] [59] [60] The design of the electrocatalyst is important, as the competing four-electron O 2 reduction to H 2 O:
can cause efficiency losses. Bonakdapour et al. found that for non-noble metal catalysts, the amount of H 2 O 2 produced from oxygen reduction varied greatly depending on the catalyst loading on the surface of a rotating ring disc electrode. [62] In fact, by altering the catalyst loading from 20 to 800 mg cm À2 , the fraction of H 2 O 2 observed at the ring from an Fe-N-C catalyst fell from 95 to as low as 5 %. This was attributed to the lifetime of H 2 O 2 in the bulk of the catalyst being shortened either by further oxidation to water or by a chemical reaction with itself to produce O 2 and water. By reducing the thickness of the electrode, most H 2 O 2 was produced at the surface and was released to the electrolyte near the electrode before being further oxidised on the electrode.
In terms of bulk electrochemical production of H 2 O 2 from O 2 , the surface area of a catalyst per unit area is a major limiting factor in production rates. Higher surface area means a higher number of catalytically active sites available for O 2 reduction at any one time. Some materials such as porous carbon have been used for O 2 reduction to H 2 O 2 and have good activity, but highly varying faradaic efficiency. [64] [65] [66] [67] [68] [69] , which was considered to be one of the major contributing factors to their high activity. The faradaic efficiency of these materials, however, varied greatly with changes to the electrolyte pH. The highest efficiency of 85-90 % was achieved in pH 1 electrolytes and the efficiency decreased with increasing pH, most likely owing to the propensity for H 2 O 2 to disproportionate at higher pH.
In terms of pH, the two-electron reduction of O 2 to H 2 O 2 has been found to be highly favoured on Ag(111) in acidic electrolytes when the overpotential applied is kept below a certain threshold. [71] As higher overpotentials were applied, the rate of complete four-electron water oxidation increased until only O 2 evolution was observed. In alkaline environments, there was very little H 2 O 2 produced at all overpotentials applied. This behaviour was hypothesised to be highly dependent on the interaction between the catalytic surface and the intermediate reactants and spectating species. As such, certain catalysts are able to perform the two-electron O 2 reduction only in alkaline environments. [57] Air pressure also has a significant effect on H 2 O 2 generation from O 2 reduction, with much higher rates seen at 3 MPa compared with atmospheric pressure. [72] This was attributed to the higher solubility of O 2 in the electrolyte.
Photocatalytic H 2 O 2 production has also been observed in water saturated with O 2 . Graphitic carbon nitride, [73] TiO 2 , zinc oxide, [74, 75] and Co and Ru complex [76, 77] catalysts have shown highly selective (in some cases greater than 90 %) two-electron O 2 reduction to H 2 O 2 simply by irradiation with sunlight or even sonication, reaching H 2 O 2 concentrations of up to 350 mM in 1 h.
Water Oxidation
Water oxidation to H 2 O 2 has been studied less thoroughly than O 2 reduction but nonetheless shows promise as an efficient electrochemical production method. The process was observed by Izgorodin et al. [78] in an ionic liquid-based electrolyte using a manganese oxide catalyst. The presence of free amine in the alkaline electrolyte was proposed to solvate the H 2 O 2 by hydrogen bonding, which limits the reaction to a two-electron oxidation. Using chronoamperometry, the potential of the working electrode was kept at 0.59 V versus Ag/AgCl. H 2 O 2 was produced with a faradaic efficiency of 77 %. Further work elaborated on this by testing other cation and anion pairs for the electrolyte, including secondary ammonium cations (diethylammonium) and longer-chain alkylammonium cations (hexylammonium) as well as larger anions such as methanesulfonate and ethanesulfonate. [79] Although it was found that none of these produced more H 2 O 2 than butylammonium sulfate (BAS), the efficiency of the process was improved by identifying the necessary applied potential at which H 2 O 2 is produced but not further oxidised to O 2(g) . It was also found that H 2 O 2 production from water oxidation occurs in a limited pH range starting at approximately pH 9.0 and reaching a maximum at pH 10.5. Photo-assisted electrocatalysed water oxidation to H 2 O 2 has also been demonstrated on WO 3 /BiVO 4 catalysts in aqueous electrolytes. [80] By performing water oxidation to generate H 2 O 2 rather than reducing O 2 , an interesting synergy can be exploited. Ando et al. [81] proposed a dual system in which H 2 O 2 is produced simultaneously with H 2 according to the reaction shown below: 
Given that water oxidation to H 2 O 2 only occurs in alkaline electrolytes and O 2 reduction catalysts for H 2 O 2 production generally perform better in acidic environments, there is much work to be done on catalysts to make this process viable.
Hydrogen Peroxide in Fuel Cells
In general, fuel cells generate power because of the difference in electrochemical potential between the oxidative and reductive reactions spontaneously occurring on the electrodes. The power generated by a fuel cell is determined by the product of the current being drawn and the potential difference between the two electrodes at that current. As a larger current is drawn, that potential difference is reduced and as such each fuel cell will have a current at which the power is at a maximum. Therefore, this maximum power point is strongly influenced by the open circuit potential of the cell (which is the cell potential at which no current is being drawn from the cell) and the limiting current density (which is the total current density that can be drawn when the electrodes are short-circuited). Although the open circuit potential (OCP) is limited by thermodynamics, increases in the limiting current density can increase the maximum achievable power density of the fuel cell as well. This requires improvement in the electrochemical catalysts that are used for both the oxidation and reduction processes.
These components of an H 2 O 2 fuel cell are particularly important when it comes to achieving OCP close to thermodynamic potential (1.09 V). Unfortunately, this value is difficult to achieve in a real cell owing to significant overpotentials associated with both reactions. This has been demonstrated by numerous studies, in particular by those who have attempted to incorporate H 2 O 2 as an oxidant into other types of fuel cells and semi-fuel cells. [24] [25] [26] 82, 83] One of the problems associated with using H 2 O 2 as a reductant or an oxidant is that on many catalysts, it is possible for H 2 O 2 to be reduced and oxidised on the same surface [84] [85] [86] (Fig. 1) , effectively causing the decomposition of the H 2 O 2 and generating a 'mixed' potential on the electrode.
Jing et al. [87] investigated this phenomenon by measuring the OCPs of H 2 O 2 on various noble metals in an electrochemical cell with electrolytes containing H 2 O 2 . OCP is defined here as the potential applied to the electrode of interest at which there is zero current in the cell compared with an external reference electrode. The interpretation given by Jing et al. was that rather than defining the oxidation and reduction potentials of H 2 O 2 , it was more useful to observe the degree to which the OCP trended towards the theoretical oxidation and reduction potentials. For example, in both acidic and alkaline media, they found that on Pt, Au, Pd, and glassy carbon (GC) electrodes, the OCP tended to be closer to the standard theoretical oxidation potential and concluded that this represented a mixed potential where both H 2 O 2 reduction to H 2 O and H 2 O 2 oxidation to O 2 were taking place on the same electrode, but with a greater propensity towards the oxidation reaction. As these two processes are taking place simultaneously on the same electrode, the total current being recorded will be the sum of both processes. This is problematic for fuel cells as not only is the maximum power of the cell diminished, but some fuel will be lost owing to unproductive disproportionation of the H 2 O 2 , which lowers its overall fuel efficiency. An ideal catalyst is therefore one that has a strong selectivity towards one of the reactions and not the other.
H 2 O 2 Electrocatalysts
Several studies have looked at reduction and oxidation catalysts for H 2 O 2 for varying purposes such as fuel cells or H 2 O 2 detectors. [88] [89] [90] In alkaline environments, perovskite [91, 92] and cobalt-based catalysts (particularly those based on Co 3 O 4 ) have shown excellent H 2 O 2 reduction properties. Cathodes incorporating spinel-structured Co 3 O 4 or copper-cobalt nanoparticles were found to exhibit high activity towards H 2 O 2 reduction in 3 M NaOH. [93, 94] The H 2 O 2 reduction current remained steady over the course of 30 min of chronoamperometry, indicating that the Co 3 O 4 cathode is reasonably stable in alkaline electrolytes. In work performed by Zhihao et al., three-dimensional goldcobalt oxide cathodes were synthesised [95] and showed large reduction current peaks at À0.28 V versus Ag/AgCl in highly alkaline 3 M KOH solutions. Catalysts based around the dye Prussian blue have also been found to reduce H 2 O 2 with high faradaic efficiency in neutral to slightly acidic electrolytes. [96] H 2 O 2 oxidation catalysts for the anodic electrode have not been studied nearly as thoroughly in the context of fuel cells as the reduction catalysts, as the latter reaction is thought to be the major cause of energy loss through high overpotentials. Metals such as nickel or gold are often used as anodes in direct hydrogen peroxide fuel cells (DHPFCs) except in the case of some two-compartment fuel cell studies where the cathode and the anode can be the same material. For example, Yang et al. constructed a DHPFC [97] in which the cathode and the anode were both Pd particles electrodeposited onto carbon fibre cloth as discussed further below. Recently, cheaper alternatives to the Pd cathodes such as Ni and Co catalysts deposited on TiC nanowires [98] and nickel ferric ferrocyanide nanoparticles [99] showing similar or higher power densities have been demonstrated in two-compartment fuel cells.
Direct Hydrogen Peroxide Fuel Cell Designs Two-Compartment Fuel Cells
The first DHPFC was designed by Hasegawa et al. [100] using two electrolytes, solutions of H 2 SO 4 and NaOH containing H 2 O 2 , brought into contact with each other by a microfluidic flow cell. This cell achieves power generation by the reduction and oxidation of H 2 O 2 in the acidic and alkaline electrolytes respectively. Fig. 1 . Schematic of H 2 O 2 disproportionation on a catalytic surface in an acidic environment.
As the electrolytes are not separated by a membrane, the charge is balanced by the formation of a Na 2 SO 4 solution at the point of mixing. The maximum power density for this cell was found to be 23 mW cm À2 at 300 mV and 76 mA cm
À2
. As no membrane is required for this cell design, the authors proposed that the cost and electrical resistivity are reduced, making it superior in that respect to H 2 or methanol fuel cells. However, in a practical application of the technology, this cell is limited by both the scalability of a microchannel design and, critically, by the consumption of the components of the electrolyte other than the fuel and the oxidant. Subsequent two-compartment fuel cell designs have included a membrane separating the acidic and the alkaline electrolytes. Fig. 2 describes a possible arrangement of such a two-compartment DHPFC.
One of the major sources of inefficiency in a fuel cell is the membrane that separates the anodic and cathodic chambers. Membranes introduce resistance into the cell that results in loss of power density. They also complicate cell construction and limit its size, shape, and the distance between electrodes. Some fuel cells can function without a membrane and these are usually based around the use of the laminar flow of electrolytes through microchannels. An example of this is given by Hasegawa et al. [100] as described above. However, as the two different electrolytes are in contact with each other, there is usually going to be some degree of crossover of ions due to concentration gradients. The microchannel design also limits the size and geometry of the cell if large-scale designs are necessary.
Despite the drawbacks of fuel cells containing membranes, they have been included in the majority of designs of twocompartment DHPFCs since 2005. The focus of the research into these types of fuel cells has been on the catalytic materials used for the cathode and anode, increasing the selectivity for H 2 O 2 oxidation and reduction and improving the limiting current densities. Sanli et al. developed a two-compartment cell that utilised a Ni-carbon paper anode and a Pt cathode. [101] Nickel was used because, in previous DHPFCs, [102] it was found to have the lowest rate of unproductive H 2 O 2 decomposition compared with other metals such as Au, Ag, Pt, and Pd.
One-Compartment DHPFCs
The unique operation of the H 2 O 2 fuel cell also allows the construction of a different membraneless design called a 'singlecompartment DHPFC' (Fig. 3) . Here, a single electrolyte is used in conjunction with two different catalysts. An open-circuit potential is produced based on the selectivity that the catalysts have towards the oxidation and reduction of H 2 O 2 , rather than the pH difference at the surface of the cathode and anode. Yamazaki et al. [102] were the first to design a one-electrolyte, one-compartment DHPFC using metals such as Ag, Au, Pt, Pd, and Ni as catalysts. In that study, an aqueous 1 M NaOH solution containing 0.3 M H 2 O 2 was used as the fuel into which two different metals were immersed, yielding an OCP of ,100 mV. This OCP is obviously much lower than the theoretical 1.09 V and this was ascribed to the problem of mixed potentials that was discussed above. In particular, the high overpotential at the -conducting Nafion membrane as a separator. This specific cell is designed as a flow cell where both oxidant and fuel are passed over the catalytic electrodes. The output of the fuel cell will reflect the concentrations of both the starting reactants and the products such as O 2(g) and K 2 SO 4 , which will build up over time in the oxidant tank. A K þ -conducting Nafion film is used as the membrane to facilitate charge transfer between the cathodic and anodic compartments. During the operation of the fuel cell, K 2 SO 4 is generated as a by-product, meaning that regeneration of the electrolyte becomes more difficult. Developing a fuel generation system based on electrochemical H 2 O 2 production for this type of cell will also require a source of H 2 SO 4 and KOH, which adds to the cost and logistical issues. cathode was suggested to be the major contributor to the poor performance of the cell. By modifying the surface of the Ag metal with nanostructured Ag-Pb alloys, the total voltage produced by the cell was improved from 100 to 150 mV. [103] Interestingly, the introduction of small amounts of Pb to the alloy (Ag : P 7 : 3 and Ag : Pb 9 : 1) gave higher OCPs and limiting current densities than just Ag nanoparticles, or when the Pb ratio was too high (Ag : Pb 6 : 4). These experiments were all conducted in 1 M NaOH electrolyte; however, H 2 O 2 is known to be unstable in most alkaline environments. An exception to this is alkaline ammonium-based solutions containing free amines, which were discussed previously for their use in lowoverpotential water oxidation. [78, 79] Yamada et al. have used several metal-based complexes as H 2 O 2 reduction catalysts for single-compartment fuel cells that make use of acidic electrolytes as the fuel medium. Complexes such as protonated iron-phthalocyanine, [104] Fe 3 -radical is bound to the Sc 3þ ions, the electrolyte may need to be regenerated or may begin to lose effectiveness after several cycles of operation.
Prussian blue, another cyano-complex, has been used as a cathode catalyst [107] to produce reasonably high OCPs in acidic one-compartment H 2 O 2 fuel cells with a maximum power density of 1.5 mW cm À2 .
Conclusions
H 2 O 2 is a viable alternative to other 'green' fuels as it can be produced electrochemically from renewable feedstocks. Compared with H 2 gas, it has a reasonably similar energy density per volume and can be stored without pressurisation or solid-state storage materials. Owing to its unique properties as both an oxidant and reductant, the H 2 O 2 fuel cell is flexible in its design as either a two-compartment device with a membrane or a onecompartment device with only one electrolyte. Further work is needed to bring these types of fuel cells to practical application, including improving the maximum power density and investigating the long-term cyclability of a complete H 2 O 2 fuel production and utilisation system. This can be done through investigating new catalysts that reduce the overpotential needed for both H 2 O 2 oxidation and reduction and also have good stability in high concentrations of H 2 O 2 . Given that H 2 O 2 can be produced electrochemically by both O 2 reduction and water oxidation, an extremely efficient H 2 O 2 generation system may be designed that produces both the fuel and oxidant simultaneously with no loss of energy to unneeded reactions. This, in combination with the H 2 O 2 fuel cell, creates a reversible fuel cell in which the electrogenerated H 2 O 2 can be stored and transported to be utilised in a fuel cell at a later stage. To make this practical, both the electrolyte and catalysts must be stable for long-term cyclability. There is also a need to increase the concentration of the electrogenerated H 2 O 2 solutions either during production or by post-processing. As H 2 O 2 is an oxidant, in high concentrations, this fuel poses some immediate safety concerns if accidentally exposed to the environment. However, when exposed to heat and light, H 2 O 2 quickly decomposes to water and oxygen, eliminating long-term environmental hazards. Despite these concerns, there is considerable potential in this H 2 O 2 system as an energy storage solution and it certainly deserves further investigation and development.
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